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Abstract: Like many animal viruses, those of the Rhabdoviridae family, are able to 
antagonize the type I interferon response and cause disease in mammalian hosts. Though 
these negative-stranded RNA viruses are very simple and code for as few as five proteins, 
they have been seen to completely abrogate the type I interferon response early in 
infection. In this review, we will discuss the viral organization and type I interferon 
evasion of rhabdoviruses, focusing on vesicular stomatitis virus (VSV) and rabies virus 
(RABV). Despite their structural similarities, VSV and RABV have completely different 
mechanisms by which they avert the host immune response. VSV relies on the matrix 
protein to interfere with host gene transcription and nuclear export of anti-viral mRNAs. 
Alternatively, RABV uses its phosphoprotein to interfere with IRF-3 phosphorylation and 
STAT1 signaling. Understanding the virus-cell interactions and viral proteins necessary to 
evade the immune response is important in developing effective vaccines and therapeutics 
for this viral family.  
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1. Introduction 
The Rhabdoviridae family is comprised of more than 175 different currently classified viruses, 
which are able to infect vertebrates, invertebrates and plants. Common features shared by all 
rhabdoviruses are an elongated bullet-like shape and an enveloped virion that contains a single-
stranded nonsegmented RNA genome. In addition, rhabdoviral genomes encode a basic set of five 
structural proteins: a nucleoprotein (N), a phosphoprotein (P), a matrix protein (M), a single trans-
membrane glycoprotein (G), and an RNA-dependent RNA polymerase (L). Of note, plant as well as 
some animal rhabdoviruses can encode up to four additional nonstructural proteins  [1]. In principle, 
these nonstructural proteins could be involved in suppression or evasion of host antiviral responses. 
However, to date the only known mechanisms involve structural proteins that serve dual functions in 
both virus replication and suppression of host responses.  
Although the viruses classified in the Rhabdoviridae family have many similarities, there are also 
important differences in the way different members interact with the host defense mechanisms. This is 
presumably due to the different defense mechanisms within their hosts. Whereas in plant and insect 
cells micro RNA (miRNA) probably play a major role in host defense mechanism against rhabdoviral 
infections  [2,3], in higher vertebrates the production of type I interferon (IFN) and initiation of the 
innate immune response is critical. Most viral pathogens of higher vertebrates are sensitive to IFN-
induced antiviral proteins (see other articles in this issue), and thus, have adapted individual 
mechanisms to avert the innate immune response. This review will focus on type I interferon induction 
and evasion by two well-studied animal pathogens rabies virus (RABV) and vesicular stomatitis virus 
(VSV). These viruses are representative of two major Rhabdovirus genera, Lyssavirus and 
Vesiculovirus, respectively. These viruses are quite similar in their mechanisms of replication, but 
differ markedly in their host range, pathogenesis, and mechanisms of immune evasion. 
More than twenty years ago type I IFN production in response to RABV infection, especially at the 
site of infection, was described  [4]. It has also been reported that the high levels of IFN in the serum 
early following infection with RABV contributes to viral resistance  [5]. Furthermore, mice injected 
with anti-mouse IFN- antibody prior to infection with RABV were more sensitive to the virus than 
mice injected with a control antibody  [4]. Likewise, when the IFN- gene was cloned into the RABV 
backbone, it was seen that the recombinant virus had greatly reduced pathogenicity and viral 
replication in mice, however the immunogenicity of RABV was not decreased  [6].  
Similar observations for the importance of IFN- induction have been made following VSV 
infection. Type I IFN has been shown to be critical for resistance of mice to infection with VSV. For 
example, mice deficient in molecules required for IFN-mediated signaling are more sensitive to VSV 
infection than wildtype mice  [7,8]. Interestingly, wild-type VSV infections do not induce type I IFN 
production in the central nervous system of mice, however type I IFN is rapidly induced in the 
periphery of these animals  [9], which serves to protect most tissues from viral pathogenicity. Taken 
together, these findings imply that type I IFN plays a major role in the viral lifecycle of RABV and 
VSV. Furthermore, it indicates that both viruses have developed mechanisms to interfere with the 
innate host response in order to establish productive infections in their hosts. 
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2. Genomic Organization and Viral Lifecycle of RABV and VSV  
In order to better understand the host innate immune response to RABV and VSV infection, we will 
first briefly describe the genomic organization and the viral lifecycle. As listed above rhabdoviruses 
encode a “basic set” of five proteins, which are encoded on a genome that has a gene order of 3’ N-P-
M-G-L 5’. In addition, all rhabdoviruses contain a noncoding 3’-leader RNA and a non-transcribed 
trailer sequence at the 5’ end. The rhabdoviral genes are flanked by intergenic sequences, which are in 
part conserved between all members of the family  [10,11]. Following transcription, the viral proteins 
are translated from monocistronic mRNAs.  
The N protein of rhabdoviruses encapsulates the RNA genome and antigenome into a tight, RNase-
resistant core  [12]. Only the encapsidated RNA, termed the ribonucleoprotein (RNP), is a functional 
template for transcription and replication. It is also thought that the level of N protein in the cells 
regulates the switch from transcription to replication by interactions with the leader RNA (leRNA) 
sequence  [13]. It is speculated that if enough N protein is available within the cell, encapsidation of 
the leRNA sequence results in the synthesis of a full-length antigenome rather the production of 
individual viral mRNA, therefore switching transcription to replication  [13].  
The P protein serves as the non-catalytic subunit to the viral transcriptase complex. Once P is 
phosphorylated it was proposed to form trimers that are able to bind L and N  [14]. However, more 
recently structural analysis revealed that P is dimmer or tetramer  [15-17]. Another function of P is to 
serve as a chaperone for N and prevent it from aggregation  [18,19]. Additionally, RABV P is able to 
antagonize interferon signaling, as discussed in subsequent sections of this review.  
The M protein is able to interact both with the nucleocapsid and with the cellular plasma 
membrane  [20]. Thus, the primary function of a rhabdoviral M protein is to bridge the viral membrane 
containing envelope and the nucleocapsid core during viral assembly and budding. The balance 
between transcription and replication is thought to be dependent on the M protein in addition to the 
quantity of N in the infected cell  [21]. A high concentration of VSV M inhibits RNA synthesis in 
vitro  [22]. It has been proposed that the association of RNP with VSV M results in the condensation 
of the RNP molecule, which renders it non-functional for transcription and replication. In addition, M 
has been seen to have secondary functions following VSV infection that might have been evolved 
later. Namely, VSV M has the ability to inhibit host defense mechanisms like type I interferon 
signaling, which will be discussed later in this review. 
The fourth gene encodes the G protein, which is the only trans-membrane glycoprotein in this 
family of viruses. The G proteins trimerize in the ER  [23] and the association is further stabilized by 
lateral interactions among trimers on the virion’s surface  [24]. At lower pH values the G protein 
undergoes a conformational change, which exposes hydrophobic residues allowing for fusion with 
target membranes  [25,26]. It is interesting to note that for both VSV G and RABV G, the pH 
dependent conformational changes required for fusion are reversible  [27,28].  
The catalytic subunit of the rhabdoviral polymerase complex is the large (L) protein. In addition to 
transcription, this large protein is capable of capping and methylating the 5’ end of the mRNA ( [29] 
and  [30], respectively) and polyadenylating the 3’ end  [31].  
As with many viruses, the lifecycle of Rhabdoviridae can be divided into three distinct phases: 
uncoating, transcription/ replication, and viral assembly. The first phase initiates when a viral particle 
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binds to the surface of a host cell and enters by endocytosis. Attachment to the host cell requires the G 
protein. However, it is less clear which cellular molecule(s) interacts with G to mediate viral entry. Of 
note, the nicotinic acetylcholine receptor  [32], neuronal cell adhesion molecule  [33] and low-affinity 
nerve-growth factor receptor (P75NTR) [34] has been suggested as receptors for RABV. On the other 
hand, VSV G protein appears to interact with negatively charged lipids on the cell surface through a 
combination of electrostatic and hydrophobic interactions  [35-37]. Following receptor binding, 
rhabdoviruses are endocytosed. Once in an endosome, the viral membrane fuses with the endosomal 
membrane to release the genome into the cytosol. Fusion of the virus with host membranes requires a 
change to a lower pH within the vesicle. Consequently, membrane fusion and the release of the capsid 
into the cytosol can be inhibited by both ammonium chloride and chloroquine  [38,39].  
In the second phase, virion components are produced. Direct translation of the rhabdoviral genome 
cannot occur because its RNA is negative sense, and furthermore, direct translation is prevented by the 
encapsidation of the genome by N  [40-43]. Thus, after release into the host cell cytosol the viral 
polymerase complex contained within the capsid is responsible for the RNA synthesis. The most 
widely accepted model for transcription of rhabdoviruses is the so-called stop/start model, where the 
polymerase stops at a signal sequence and restarts transcription at the transcription start signal 
sequence  [44]. Reinitiation of transcription by the polymerase complex for the following gene does 
not always occur; therefore, attenuation of transcription occurs in a 3’ to 5’ direction  [45]. Probably 
caused by the concentration of N protein, the viral polymerase switches to replication and transcribes a 
full-length anti-genomic RNA, which is also encapsidated into the N protein and serves a template for 
the replication of new genomic RNAs . 
The last phase of the life cycle is the assembly of the viral components, budding and finally release 
of the virions. For this process, the RNP-complex must be engulfed in the host cell membrane. It is as 
of yet unknown how the capsid is transported to the cellular membrane. Budding seems to be at least 
partially dependent on G, as in the absence of RABV-G RABV is released 30-fold less efficiently  [46] 
and similar finding have been made for VSV  [47]. More dramatically, in the absence of RABV M 
viral titers were reduced as much as 500,000 fold, but this did not greatly affect viral protein 
expression  [48]. Likewise, VSV M plays a role in seizing the endosomal-membrane fusion machinery 
to facilitate viral budding. This occurs via the PPPY motif near the N-terminus of VSV M, which 
allows for interaction with the cellular enzyme Nedd4  [49]. 
3. Viral Induced Expression of Type I Interferon 
The hallmark response to viral infection is the induction of type I interferon (IFN). This class of 
cytokines is comprised of several IFN- genes, a single IFN- gene, and the more recently added, and 
less well-defined, genes such as IFN-, -, -, -, and – [50]. All nucleated cells have the ability to 
both produce type I IFN and also to respond to it via a common heterodimeric receptor  [51]. Type I 
IFNs have been seen to induce an anti-viral state in cells, which makes them resistant to subsequent 
viral infection  [52]. In addition, this group of cytokines helps to initiate the adaptive immune response 
following infection  [6,53,54].  
A variety of viral moieties can trigger activation of the IFN- signaling cascade by numerous 
pathogen pattern recognition receptors (PRRs). In each case however, the signaling culminates in the 
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binding of cytoplasmic transcription factors, namely IFN regulatory factor-3 (IRF-3) and nuclear 
factor kappa B (NF-B), to the IFN- promoter. Following signaling initiation, the C-terminus of IRF-
3 is phosphorylated and the proteins dimerize. This dimerization reveals a nuclear-localization signal 
(NLS) on IRF-3, which allows for transport into the nucleus  [55]. Alternatively, cytoplasmic NF-B 
can translocate to the nucleus following signal induced ubiquitination and proteasomal degradation of 
inhibitor of NF-B (IB) (for review see  [56]). Optimal binding and induction of IFN- requires the 
additional binding of c-jun/ATF-2 to the IFN- promoter. When all three transcription factors 
complexes assemble onto the promoter it is referred to as the enhanceasome. The enhanceasome aids 
in the recruitment of CREB-binding protein (CBP)/p300, which promotes the assembly of the 
transcriptional machinery and RNA polymerase II  [57]. Each transcription factor can bind to the IFN-
 promoter individually, however with limited affinity. It is generally accepted that the binding of IRF-
3 is indispensable for induction, while the binding of NF-B and c-jun/ATF-2 is not required  [58]. 
Similarly, the transcription of most interferon- genes requires activation of IRF-7, whose expression 
is induced in response to interferon- in many cell types  [59]. 
The upstream signaling mechanisms leading to type I interferon production vary markedly among 
different cell types depending on the expression of various pattern recognition receptors. The receptors 
that have been demonstrated to be important for the response to rhabdoviruses include Toll-like 
receptors (TLR), which are expressed either on the cell surface or in the endosomal compartment, and 
RIG-I-like receptors, which are expressed in the cytoplasm. 
3.1. Toll-like Receptor Signaling 
Signaling through many Toll-like receptors can induce IFN-. One such receptor is TLR-3, which 
is located in the endosome and binds double stranded RNA molecules  [60]. Following ligand binding, 
TLR-3 dimerizes and is phosphorylated at a tyrosine residue. It then recruits the adaptor molecule 
TIR-domain containing adaptor inducing IFN- (TRIF)  [61] which leads to the activation of both IRF-
3 and NF-B by divergent signaling cascades  [62].  
Negative stranded RNA viruses do not produce double stranded RNA as part of their normal 
replication cycle, since the negative RNA strand is always encapsidated. However, it is likely that 
abnormal replication products resulting from errors by viral RNA-dependent RNA polymerases give 
rise to some level of double stranded RNA in virus-infected cells  [63]. Using mice deficient in TLR-3, 
it was determined that this receptor is dispensable in clearing VSV, as mice remained resistant to 
infection despite the loss of TLR-3 signaling  [64]. On the other hand, TLR-3 signaling following a 
RABV infection may play a role in the induction of IFN-by infected neurons. Following infection 
of human postmitotic neurons with RABV, Prehaud et al. saw an increased production of IFN- and 
TLR-3 mRNAs. Treatment of neurons with poly(I:C), a TLR-3 agonist, generated similar cytokine 
profile to that which was seen following RABV infection  [65]. Furthermore, the expression of TLR-3 
on cerebellar cortex tissues of individuals that had died of rabies, but not on an individual that died of 
cardiac arrest, verify the viral induced expression of TLR-3 in human brains in vivo  [66]. Although 
this data did not definitively prove a role for TLR-3 in the innate immune response to RABV, it does 
provide evidence that TLR-3 signaling could be involved. Interestingly however, TLR3-/- mice have a 
reduced susceptibility to a pathogenic RABV stain, CVS-11  [67]. This increase in survival may be 
Viruses 2009, 1                            
 
 
837
unrelated to the IFN-response and rather due to the requirement of TLR-3 in forming viral Negri 
Bodies, which are suggested to be required for viral replication  [67,68]. 
Unlike TLR-3, which has relatively wide tissue distribution, another TLR capable of inducing IFN-
, TLR-7, has a much more restricted expression profile. TLR-7 is expressed primarily in different 
subclasses of dendritic cells, such as plasmacytoid dendritic cells (pDCs), a cell type that can produce 
the majority of the circulating IFN following a viral infection (for review see  [69]). The ligands for 
TLR-7 are immunomodulatory compounds (ie-imiquimod)  [70] or single-stranded RNA 
molecules  [71]. Upon ligand binding, TLR-7 recruits the adaptor protein myeloid differentiation 
factor 88 (MyD88), which then mediates IFN-/ production. MyD88 can complex with several 
proteins, namely TRAF-6 and IRAK-1, and initiate the direct binding of IRF-7  [72-74]. Following 
recruitment into the complex, IRF-7 is phosphorylated by IRAK-1 and translocates to the nucleus 
where it binds to the promoters for type I IFNs..  
Although the role for TLR-7 signaling following a RABV infection has yet to be determined, it 
appears that TLR-7 dependant signaling is important in the type I IFN response to VSV. Infection of 
wild type pDCs with VSV induced the production of both IFN-a and IL-12 p40. However, infection of 
pDCs from TLR7-/- or MyD88-/- mice resulted in no cytokine production  [75]. Thus, indicating that 
single-stranded RNA derived from VSV is able to trigger TLR-7 signaling. The response of dendritic 
cells to VSV seems to be restricted to TLR7+ DC, as no IFN- production is seen following infection 
of myeloid DCs that do not express TLR-7  [76,77]. Interestingly however, when myeloid DCs are 
infected with an M-mutant VSV they are able to induce a type I IFN response, albeit independent of 
MyD88 signaling  [77].  
VSV replication is required to activate TLR-7 signaling in plasmacytoid DCs  [78,79]. However, as 
discussed above, VSV replication occurs in the cytoplasm, and thus replication intermediates, such as 
ssRNA, are spacially removed from endosomal TLR-7. It was hypothesized that autophagy may play a 
critical role in bringing ligand and receptor into the same subcellular compartment following VSV 
infection. To address this possibility, Lee et al. treated pDCs with inhibitors of autophagy, either 
Wortmannin or 3-MA, prior to infection. It was seen that the inhibitors had no effect on VSV infection 
rates, but that they did inhibit IFN- production in a dose-dependent manner  [78]. Thus, indicating a 
critical role for autophagy in initiating TLR-7 signaling in VSV infected cells.  
TLR-4 is also able to induce both IRF-3 and NF-B signaling in response to extracellular signals. 
Although TLR-4 is generally associated with its ability to bind bacterial products, namely 
lipopolysaccharide, it has been seen that VSV G can trigger IFN- production via TLR-4 
signaling  [80]. Furthermore, this type I IFN response may be important to disease outcome because 
while more than 50% of the TLR-4-/- mice succumbed intravenous VSV challenge, 100% of wild type 
mice survived  [80].  
3.2. RIG-I-like Receptor Signaling 
In addition to TLRs, cells can also induce type I IFN via a cytoplasmic pattern recognition receptor 
family, the RIG-I-like receptors (RLR). Like TLR signaling, RLR signaling converges on NF-B and 
IRF-3 to induce a robust IFN- response. Two of these receptors, namely retinoic acid-inducible 
gene-I (RIG-I) and melanoma differentiation-associated gene-5 (Mda-5), have been reported to be 
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important in the recognition of RNA viruses  [81]. Signaling by RIG-I and Mda-5 is mediated through 
the mitochondria-bound protein interferon beta promoter stimulator-1 (IPS-1), which is also referred to 
as MAVS, Cardif, or VISA  [82-85]. Of note, IPS-1’s localization in the mitochondria is critical for 
activation of IRF-3 and NF-B  [84]. IPS-1, with the help of TRAF-3, facilitates the activation of two 
kinases, TANK-binding kinase-1 (TBK1) and IKKi (also known as IKKe), that go on to activate IRF-
3  [82,86].  
Whereas Mda-5 signaling has been seen to be important in the IFN- response to 
picornaviruses  [87], RIG-I signaling is critical in generating type I IFN following a rhabdovirus 
infection. Although the L protein of rhabdoviruses has a capping function  [29], the leader RNA 
remains unmodified  [88,89]. Thus, viral transcription generates some single-stranded RNA molecules 
bearing a 5’ triphosphate, which is one of the known ligands for RIG-I. Following infection with a 
recombinant RABV that expressed very little P, IFN- promoter activity was reported, however 
transfection of a dominant-negative mutant RIG-I molecule prior to infection abrogated the 
response  [90]. Thus indicating, that RIG-I was responsible for the IFN-response following 
infection. Interestingly, viral replication does not seem to be required for IFN induction as transfection 
of RNA isolated from RABV infected cells was sufficient to induce a response. On the other hand, the 
presence of 5’-triphosphate RNA was observed to be essential for eliciting a type I IFN response as 
dephosphorylated viral RNA induced no IFN- promoter activity  [90].  
RIG-I signaling has also been reported to be important for generating IFN-following infection 
with VSV. Following intranasal infection with VSV, RIG-I expression in microglia and astrocyte 
cultures is upregulated  [91]. It was also seen that unlike in wildtype cells, mRNA for IFN- and 
CXCL10 was not upregulated in mouse embryo fibroblasts (MEFs) from RIG-I-/- mice  [92]. 
Additionally following infection with VSV, RIG-I-/- MEFs had a 1.5-log increase in viral titers 
compared to wildtype cells  [92]. This phenotype was reproduced in vivo, as RIG-I-/- mice were 
significantly more susceptible to an intranasal infection with VSV than wildtype littermate 
controls  [87]. Furthermore, it was determined that RIG-I, but not Mda-5, was responsible for inducing 
the type I IFN response after VSV infection  [87]. 
4. Type I Interferon Induced Antiviral State Following Infection 
As mentioned above, the receptor for type I IFN is expressed on a wide range of cells. Additionally, 
IFN- can act in both an autocrine and paracrine manner to induce an anti-viral state in the cell. 
When IFN- binds to its heterodimeric receptor oligomerization and a subsequent conformational 
change occurs allowing members of the Janus kinase (JAK) family to phosporylate the IFNAR1 
subunit. The phosphorylated receptor subunit can then act as a docking site for members of the signal 
transducers and activators of transcription (STATs), which are in turn phosphorylated by JAKs  [50]. 
Once STAT-1 and STAT-2 are phosphorylated they dimerize and create a novel NLS, which allows 
for their transport into the nucleus. The STAT1/2 complex forms a heterotrimer with IRF-9 either in 
the nucleus or at the receptor, making what is referred to as the ISGF3 complex. The canonical 
activation of IFN-stimulated genes (ISGs) occurs by ISGF3 binding to the IFN-stimulated response 
element (ISRE) present in the promoter of most ISGs  [50]. Of note, all of the components that make 
up the ISGF3 are IFN-inducible.  
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Following treatment with IFN-, the transcript frequency for numerous genes increases  [93]. 
Many of these gene products encode proteins or transcription factors involved in the aforementioned 
signaling cascades, thus acting as an amplification loop to increase the amount of type I IFN produced. 
Other genes encode for proteins with direct antiviral functions. Here we will only discuss the antiviral 
gene products that have been shown to play a role in a RABV or VSV infection, however that does not 
imply that those genes not discussed do not play a role in the innate response to these or other 
rhabdoviruses. 
One such anti-viral protein is the Mx family of GTPases, which are highly induced in response to 
type I IFN. The main viral target for these proteins is nucleocapsid-like structures and after binding 
they appear to sequester the viral proteins and interfere with proper localization  [94]. It was seen that 
expression of bovine Mx1 can reduce viral titers and decrease N protein levels in rabies infected 
VERO cells  [95]. Likewise, VSV replication is inhibited by a wide variety of Mx proteins in 
vitro  [96-98]. The human MxA protein was seen to inhibit both viral mRNA and protein levels 
following infection with VSV for 5 hours  [98]. Furthermore, transgenic mice that express high levels 
of bovine Mx1 are resistant to a lethal challenge of VSV  [99]. 
Another IFN-induced gene that affects both RABV and VSV is promyelocytic leukaemia (PML). 
PML is expressed in the nucleoplasm and nuclear bodies (NB) of the cell. Following IFN- 
treatment, enhanced PML protein expression is seen and the NB size markedly increases  [100,101]. 
The anti-viral properties of PML are still unclear, however it is known that expression is essential for 
type I IFN induced apoptosis  [102] and that PML has growth suppressing properties  [100]. Like Mx 
proteins, it was observed that overexpression of PMLIII induced resistance to VSV infection, by 
inhibiting mRNA and protein synthesis  [103]. Of note, complete inhibition by PML was only seen 
following infections at a low multiplicity of infection  [103]. Furthermore, following type I IFN 
treatment MEFs derived from PML-/- mice had similar resistance to VSV infection as seen in wildtype 
cells  [101]. The anti-viral role of PML following a RABV infection has not, as of yet, been 
experimentally proven. Rather, an anti-viral role is hypothesized due to RABV P protein’s ability to 
disrupt NB organization and increased rabies virus replication, as seen by higher protein level 
expression and 20 times more virus, in PML-/- MEFs  [104]. The details of RABV induced PML 
inhibition will be discussed in detail in the next section. 
Although the antiviral effects induced by Mx/ PML is similar for RABV and VSV, there are a 
number of antiviral proteins that have only been reported to play a role following VSV infection, 
namely PKR and ISG15. PKR and ISG15 have completely unique mechanisms to alter the host 
response to a viral infection. PKR is constitutively expressed in all tissues, however it is activated and 
upregulated by either dsRNA or type I IFN treatment. PKR phosphorylates eukaryotic translational 
initiation factor (eIF)-2, which results in the sequestering of eIF2-B. Thus, translation initiation is 
halted  [105]. Mice deficient in PKR are much more sensitive to intranasal VSV infections than 
wildtype mice  [106-108].  
Alternatively, ISG15 is an ubiquitin homologue that activates its substrates, rather than targeting 
them for degradation  [109]. ISG15 substrates include, among others, signaling components in the 
JAK/STAT and RIG-I pathways, MxA, and PKR  [110]. The requirement for ISG15 in the innate 
response to VSV is still unknown, due to conflicting results. Lu et al. noted that ISG15-/- MEFs are 
more permissive to VSV replication, however there was no notable differences in the knockout cells’ 
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sensitivity to the antiviral effect of IFN-  [109]. On the other hand, using a knockout mouse that 
was only deficient in ISG15 conjugation, not free ISG15, there was no difference in the susceptibility 
of cells to VSV in an IFN-protection assay  [111]. Of note, ISG15 is regulated by USP18, which 
catalyzes its hydrolysis to remove it from conjugated proteins  [112,113]. Interestingly, USP18-/- mice 
show an increased survival following intracerebral infection with VSV as compared to wildtype 
mice  [114].  
5. Rhabdoviruses IFN- Antagonism Mechanisms 
In order for an effective infection to occur, RABV and VSV must antagonize the interferon 
signaling cascade and block induction of antiviral molecules. However, RABV and VSV have 
completely different mechanisms by which they antagonize the immune response. RABV specifically 
targets signaling molecules in order to block IFN induction and subsequent responses. On the other 
hand, VSV takes a more global approach and inhibits host-cell transcription and translation. In both 
cases the IFN antagonism is due to viral proteins that play key roles in virus replication and have 
separate functions involved in inhibition of host antiviral responses, the RABV P protein and the VSV 
M protein.  
5.1. Rabies Virus IFN Escape Mechanisms 
A key viral goal is to control, and minimize, the innate immune response following infection. As 
type I IFN production is critical in an innate response, one mechanism by which a virus can curtail the 
immune response is by diminishing IFN- production. RABV intervenes with the multiple IFN 
induction pathways where most of them converge, namely the activation of IRF-3. The P protein of 
RABV prevents IRF-3 phosphorylation by the TBK1, thus suppressing IFN- production  [115]. It 
seems as though following infection a race between host and virus begins, and thus the expression 
level of RABV P is critical for antagonizing IFN- responses. Brzozka et al. saw that following 
infection with a recombinant RABV that expressed only low levels of P the virus was no longer able to 
suppress IFN- production  [115].  
In addition to antagonizing IFN induction, RABV also has a mechanism to inhibit type I IFN 
signaling. Thus, virus infected cells are resistant to the actions of IFN, regardless from where the 
cytokine originated. Vidy et al. reported that following a RABV infection STAT-1 does not 
accumulate in the nucleus. However, RABV P neither induces STAT-1 degradation nor does it 
interfere with STAT-1 phosphorylation; thus, it was concluded that IFN-induced transcriptional 
responses are prevented  [116]. Recently, Moseley et al. suggested another mechanism by which 
RABV P can interfere with STAT-1 signaling.  It was shown that RABV P can facilitate a shift from 
conventional interaction of STAT-1 and microtubules to a microtubule-inhibited interaction, thus 
preventing STAT-1 nuclear import  [117]. Furthermore, it is known that only tyrosine-phosphorylated 
STAT-1 and -2 are bound by RABV P  [118]. This data indicates that IFN-induced JAK/ STAT 
activation is required for P binding to STAT-1 or -2. It was also determined that binding of RABV P to 
STAT-1 and -2 requires the 10 C-terminal amino acids in RABV P  [118]. 
Of note, RABV P is expressed not only as full-length P protein but also in four N-terminal 
truncated forms (P2-P5) that are synthesized from internal start codons  [119]. While all five P proteins 
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contain a NLS, only two forms, P and P2, have the nuclear export signal (NES) found in the N-
terminus  [119]. Therefore, the P3, P4 and P5 forms are found primarily in the nucleus. Interestingly, P 
not only retains STAT-1 in the cytoplasm but also has the ability to bind the transcription factor in the 
nucleus via P3-P5  [120]. Thus, preventing ISGF3 complexes from binding the ISRE promoter in the 
nucleus  [120].  
Lastly, there is evidence that RABV also interferes directly with IFN-induced antiviral molecules, 
namely PML. The role that PML potentially plays in orchestrating an immune response to RABV or 
impacting viral replication is not yet clear. However, it has been shown in RABV infected cells that 
RABV P retains the PML protein in the cytoplasm and that the P3 isoform disrupts nuclear bodies 
organized in the nucleus  [104]. Thus, disrupting PML’s association with nuclear bodies and 
potentially critical functions in nuclear trafficking, including viral defense and apoptosis  [121]. Again, 
the mechanism by which PML nuclear bodies function in viral infection is still not understood, but the 
binding and retention of PML by RABV P provides some indication that PML may have an antiviral 
function  [104,122].  
5.2. Vesicular Stomatitis Virus IFN Escape Mechanisms 
The matrix protein of VSV is crucial in averting the host IFN- response. VSV M works to 
interrupt cellular transcription pathways and also to block mRNA export from the nucleus, both of 
which function to antagonize the host immune response. The ability of M to inhibit host gene 
expression is genetically separable from its role in virus structure and assembly. Several M protein 
mutant viruses have been identified that are defective in the inhibition of host gene expression, but 
otherwise replicate and assemble as effectively as wildtype VSV  [123-126]. Like RABV P, VSV M 
mRNA is also translated into N-terminally truncated proteins from alternative initiation codons  [127]. 
These truncated proteins also function to inhibit host gene expression, although they are not capable of 
functioning in virus assembly. 
VSV M alone is sufficient to shut down cellular transcription. Expression of VSV M in transfected 
cells inhibits both the host genes and the transfected plasmid transcribed by polymerase I, II, or 
III  [128,129]. M is also capable of inhibiting nuclear-cytoplasmic RNA transport in the absence of 
other VSV components  [130,131]. The general inhibition of host cell transcription leads to significant 
cytotoxicity in VSV infected cells. Of note, transfection of VSV M is sufficient to induce cytopathic 
effects in cells due to the induction of apoptosis  [132,133]. 
Like RABV P, VSV M does not have enzymatic activity, but instead it probably inhibits host 
antiviral responses by binding to host factors and interfering with their normal function. Thus far, the 
only host proteins whose binding to VSV M is correlated with the inhibition of host gene expression 
are Rae1 and the nucleoporin Nup98  [131,134]. These two proteins are present as a complex in cells 
that is thought to be involved in mRNA transport  [135,136], and the binding of M to Nup98 has been 
shown to be indirectly mediated through Rae1  [134]. While binding of M protein to the Rae1-Nup98 
complex is likely to be responsible for the inhibition of nuclear-cytoplasmic RNA transport, this is not 
due simply to the inhibition of Rae1 function, since Rae1 is not essential for mRNA transport. For 
example, silencing Rae1 expression in mammalian cells by siRNA  [137,138] or deletion of Rae1 in 
mouse embryo cells  [139] does not inhibit cellular gene expression. A further question is whether the 
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binding of M to Rae1 is also responsible for the inhibition of host transcription, as well as nuclear-
cytoplasmic transport, or alternatively, whether there are additional host factors that are targets for 
VSV M. 
6. Conclusions and Implications for Disease Treatment 
Here we have discussed the different ways by which type I IFN is induced by RABV and VSV, the 
host antiviral proteins that inhibit the viral lifecycle, and the mechanisms by which RABV and VSV 
antagonize IFN- pathways. While both rhabdoviruses can induce IFN-by the RIG-I pathway, it 
seems they use different TLRs. VSV can signal through TLR-7 and TLR-4, while TLR-3 is 
dispensable for inducing IFN. On the other hand, signaling via TLRs is less well studied following a 
RABV infection but there is data to indicate that TLR-3 may play a role. Both RABV and VSV are 
sensitive to Mx GTPases and PML, while only VSV seems to be affected by PKR and ISG15. Lastly, 
these two rhabdoviruses have strikingly different mechanisms to antagonize IFN signaling. RABV 
specifically targets IRF-3 to minimize IFN- production and also inhibits the antiviral response in 
infected cells by binding STAT-1 and -2 and disrupting PML nuclear bodies. On the other hand, VSV 
inhibits cellular transcription pathways and blocks mRNA export to prevent an antiviral response. 
Understanding the host response to VSV and RABV is important for developing vaccines against 
rhabdoviral induced disease but also for developing potential rhabdoviral vaccine vectors. A vaccine 
strain of RABV expressing IFN- greatly reduces viral pathogenesis and replication but not the 
immunogenicity of the vector  [6]. Thus, providing a potentially self-limiting and highly immunogenic 
vaccine vector. Additionally, both RABV and VSV based vaccine vectors have been shown to be 
efficient vaccines against pathogenic SHIV89.6P challenge  [140,141]. Furthermore, VSV has recently 
been considered for potential use as an oncolytic therapy agent. Many transformed cells have impaired 
IFN pathways  [142], thus VSV can replicate to a much greater extent in those cells than normal cells 
that have intact IFN signaling. In fact, it has been reported that transformed cells are more susceptible 
to VSV infection then normal cells following IFN- treatment  [143,144]. Thus, ongoing efforts to 
understand the type I IFN response to rhabdoviruses have obvious implications for improving current 
vaccines and therapies. 
References 
1. Jackson, A.O.; Dietzgen, R.G.; Goodin, M.M.; Bragg, J.N.; Deng, M. Biology of plant 
rhabdoviruses. Annu. Rev. Phytopathol. 2005, 43, 623-660. 
2. van Rij, R.P.; Saleh, M.C.; Berry, B.; Foo, C.; Houk, A.; Antoniewski, C.; Andino, R. The RNA 
silencing endonuclease Argonaute 2 mediates specific antiviral immunity in Drosophila 
melanogaster. Genes Dev. 2006, 20, 2985-2995. 
3. Lu, Y.D.; Gan, Q.H.; Chi, X.Y.; Qin, S. Roles of microRNA in plant defense and virus offense 
interaction. Plant Cell Rep. 2008, 27, 1571-1579. 
4. Marcovistz, R.; Galabru, J.; Tsiang, H.; Hovanessian, A.G. Neutralization of interferon produced 
early during rabies virus infection in mice. J. Gen. Virol. 1986, 67 ( Pt 2), 387-390. 
5. Mendonca, R.Z.; Pereira, C.A. Relationship of interferon synthesis and the resistance of mice 
infected with street rabies virus. Braz. J. Med. Biol. Res. 1994, 27, 691-695. 
Viruses 2009, 1                            
 
 
843
6. Faul, E.J.; Wanjalla, C.N.; McGettigan, J.P.; Schnell, M.J. Interferon-beta expressed by a rabies 
virus-based HIV-1 vaccine vector serves as a molecular adjuvant and decreases pathogenicity. 
Virology 2008, 382, 226-238. 
7. Meraz, M.A.; White, J.M.; Sheehan, K.C.; Bach, E.A.; Rodig, S.J.; Dighe, A.S.; Kaplan, D.H.; 
Riley, J.K.; Greenlund, A.C.; Campbell, D.; Carver-Moore, K.; DuBois, R.N.; Clark, R.; Aguet, 
M.; Schreiber, R.D. Targeted disruption of the Stat1 gene in mice reveals unexpected physiologic 
specificity in the JAK-STAT signaling pathway. Cell 1996, 84, 431-442. 
8. Muller, U.; Steinhoff, U.; Reis, L.F.; Hemmi, S.; Pavlovic, J.; Zinkernagel, R.M.; Aguet, M. 
Functional role of type I and type II interferons in antiviral defense. Science 1994, 264, 1918-
1921. 
9. Trottier, M.D.; Lyles, D.S.; Reiss, C.S. Peripheral, but not central nervous system, type I 
interferon expression in mice in response to intranasal vesicular stomatitis virus infection. J. 
Neurovirol. 2007, 13, 433-445. 
10. Finke, S.; Conzelmann, K.K. Replication strategies of rabies virus. Virus Res. 2005, 111, 120-131. 
11. Stillman, E.A.; Whitt, M.A. Mutational analyses of the intergenic dinucleotide and the 
transcriptional start sequence of vesicular stomatitis virus (VSV) define sequences required for 
efficient termination and initiation of VSV transcripts. J. Virol. 1997, 71, 2127-2137. 
12. Thomas, D.; Newcomb, W.W.; Brown, J.C.; Wall, J.S.; Hainfeld, J.F.; Trus, B.L.; Steven, A.C. 
Mass and molecular composition of vesicular stomatitis virus: a scanning transmission electron 
microscopy analysis. J. Virol. 1985, 54, 598-607. 
13. Whelan, S.P.; Barr, J.N.; Wertz, G.W. Transcription and replication of nonsegmented negative-
strand RNA viruses. Curr. Top. Microbiol. Immunol. 2004, 283, 61-119. 
14. Gao, Y.; Greenfield, N.J.; Cleverley, D.Z.; Lenard, J. The transcriptional form of the 
phosphoprotein of vesicular stomatitis virus is a trimer: structure and stability. Biochemistry 1996, 
35, 14569-14573. 
15. Gerard, F.C.; Ribeiro Ede, A., Jr.; Leyrat, C.; Ivanov, I.; Blondel, D.; Longhi, S.; Ruigrok, R.W.; 
Jamin, M. Modular organization of rabies virus phosphoprotein. J. Mol. Biol. 2009, 388, 978-996. 
16. Ribeiro, E.A., Jr.; Favier, A.; Gerard, F.C.; Leyrat, C.; Brutscher, B.; Blondel, D.; Ruigrok, R.W.; 
Blackledge, M.; Jamin, M. Solution structure of the C-terminal nucleoprotein-RNA binding 
domain of the vesicular stomatitis virus phosphoprotein. J. Mol. Biol. 2008, 382, 525-538. 
17. Ding, H.; Green, T.J.; Lu, S.; Luo, M. Crystal structure of the oligomerization domain of the 
phosphoprotein of vesicular stomatitis virus. J. Virol. 2006, 80, 2808-2814. 
18. Davis, N.L.; Arnheiter, H.; Wertz, G.W. Vesicular stomatitis virus N and NS proteins form 
multiple complexes. J. Virol. 1986, 59, 751-754. 
19. Masters, P.S.; Banerjee, A.K. Complex formation with vesicular stomatitis virus phosphoprotein 
NS prevents binding of nucleocapsid protein N to nonspecific RNA. J. Virol. 1988, 62, 2658-
2664. 
20. Lenard, J. Negative-strand virus M and retrovirus MA proteins: all in a family? Virology 1996, 
216, 289-298. 
21. Clinton, G.M.; Little, S.P.; Hagen, F.S.; Huang, A.S. The matrix (M) protein of vesicular 
stomatitis virus regulates transcription. Cell 1978, 15, 1455-1462. 
Viruses 2009, 1                            
 
 
844
22. Carroll, A.R.; Wagner, R.R. Role of the membrane (M) protein in endogenous inhibition of in 
vitro transcription by vesicular stomatitis virus. J. Virol. 1979, 29, 134-142. 
23. Zagouras, P.; Ruusala, A.; Rose, J.K. Dissociation and reassociation of oligomeric viral 
glycoprotein subunits in the endoplasmic reticulum. J. Virol. 1991, 65, 1976-1984. 
24. Lyles, D.S.; McKenzie, M.; Parce, J.W. Subunit interactions of vesicular stomatitis virus envelope 
glycoprotein stabilized by binding to viral matrix protein. J. Virol. 1992, 66, 349-358. 
25. Roche, S.; Bressanelli, S.; Rey, F.A.; Gaudin, Y. Crystal structure of the low-pH form of the 
vesicular stomatitis virus glycoprotein G. Science 2006, 313, 187-191. 
26. Roche, S.; Rey, F.A.; Gaudin, Y.; Bressanelli, S. Structure of the prefusion form of the vesicular 
stomatitis virus glycoprotein G. Science 2007, 315, 843-848. 
27. Gaudin, Y.; Tuffereau, C.; Segretain, D.; Knossow, M.; Flamand, A. Reversible conformational 
changes and fusion activity of rabies virus glycoprotein. J. Virol. 1991, 65, 4853-4859. 
28. Puri, A.; Winick, J.; Lowy, R.J.; Covell, D.; Eidelman, O.; Walter, A.; Blumenthal, R. Activation 
of vesicular stomatitis virus fusion with cells by pretreatment at low pH. J. Biol. Chem. 1988, 263, 
4749-4753. 
29. Abraham, G.; Rhodes, D.P.; Banerjee, A.K. The 5' terminal structure of the methylated mRNA 
synthesized in vitro by vesicular stomatitis virus. Cell 1975, 5, 51-58. 
30. Hercyk, N.; Horikami, S.M.; Moyer, S.A. The vesicular stomatitis virus L protein possesses the 
mRNA methyltransferase activities. Virology 1988, 163, 222-225. 
31. Schubert, M.; Keene, J.D.; Herman, R.C.; Lazzarini, R.A. Site on the vesicular stomatitis virus 
genome specifying polyadenylation and the end of the L gene mRNA. J. Virol. 1980, 34, 550-559. 
32. Lentz, T.L.; Burrage, T.G.; Smith, A.L.; Crick, J.; Tignor, G.H. Is the acetylcholine receptor a 
rabies virus receptor? Science 1982, 215, 182-184. 
33. Thoulouze, M.I.; Lafage, M.; Schachner, M.; Hartmann, U.; Cremer, H.; Lafon, M. The neural 
cell adhesion molecule is a receptor for rabies virus. J. Virol. 1998, 72, 7181-7190. 
34. Tuffereau, C.; Benejean, J.; Blondel, D.; Kieffer, B.; Flamand, A. Low-affinity nerve-growth 
factor receptor (P75NTR) can serve as a receptor for rabies virus. EMBO J. 1998, 17, 7250-7259. 
35. Bailey, C.A.; Miller, D.K.; Lenard, J. Effects of DEAE-dextran on infection and hemolysis by 
VSV. Evidence that nonspecific electrostatic interactions mediate effective binding of VSV to 
cells. Virology 1984, 133, 111-118. 
36. Carneiro, F.A.; Bianconi, M.L.; Weissmuller, G.; Stauffer, F.; Da Poian, A.T. Membrane 
recognition by vesicular stomatitis virus involves enthalpy-driven protein-lipid interactions. J. 
Virol. 2002, 76, 3756-3764. 
37. Coil, D.A.; Miller, A.D. Phosphatidylserine is not the cell surface receptor for vesicular stomatitis 
virus. J. Virol. 2004, 78, 10920-10926. 
38. Superti, F.; Derer, M.; Tsiang, H. Mechanism of rabies virus entry into CER cells. J. Gen. Virol. 
1984, 65 ( Pt 4), 781-789. 
39. Matlin, K.S.; Reggio, H.; Helenius, A.; Simons, K. Pathway of vesicular stomatitis virus entry 
leading to infection. J. Mol. Biol. 1982, 156, 609-631. 
40. Conzelmann, K.K.; Cox, J.H.; Schneider, L.G.; Thiel, H.J. Molecular cloning and complete 
nucleotide sequence of the attenuated rabies virus SAD B19. Virology 1990, 175, 485-499. 
Viruses 2009, 1                            
 
 
845
41. Conzelmann, K.K.; Schnell, M. Rescue of synthetic genomic RNA analogs of rabies virus by 
plasmid-encoded proteins. J. Virol. 1994, 68, 713-719. 
42. Tordo, N.; Kouknetzoff, A. The rabies virus genome: an overview. Onderstepoort J Vet Res 1993, 
60, 263-269. 
43. Tordo, N.; Poch, O.; Ermine, A.; Keith, G.; Rougeon, F. Walking along the rabies genome: is the 
large G-L intergenic region a remnant gene? Proc. Natl. Acad. Sci. U S A 1986, 83, 3914-3918. 
44. Iverson, L.E.; Rose, J.K. Localized attenuation and discontinuous synthesis during vesicular 
stomatitis virus transcription. Cell 1981, 23, 477-484. 
45. Finke, S.; Cox, J.H.; Conzelmann, K.K. Differential transcription attenuation of rabies virus genes 
by intergenic regions: generation of recombinant viruses overexpressing the polymerase gene. J. 
Virol. 2000, 74, 7261-7269. 
46. Mebatsion, T.; Konig, M.; Conzelmann, K.K. Budding of rabies virus particles in the absence of 
the spike glycoprotein. Cell 1996, 84, 941-951. 
47. Robison, C.S.; Whitt, M.A. The membrane-proximal stem region of vesicular stomatitis virus G 
protein confers efficient virus assembly. J. Virol. 2000, 74, 2239-2246. 
48. Mebatsion, T.; Weiland, F.; Conzelmann, K.K. Matrix protein of rabies virus is responsible for 
the assembly and budding of bullet-shaped particles and interacts with the transmembrane spike 
glycoprotein G. J. Virol. 1999, 73, 242-250. 
49. Jayakar, H.R.; Murti, K.G.; Whitt, M.A. Mutations in the PPPY motif of vesicular stomatitis virus 
matrix protein reduce virus budding by inhibiting a late step in virion release. J. Virol. 2000, 74, 
9818-9827. 
50. Randall, R.E.; Goodbourn, S. Interferons and viruses: an interplay between induction, signalling, 
antiviral responses and virus countermeasures. J. Gen. Virol. 2008, 89, 1-47. 
51. Stark, G.R.; Kerr, I.M.; Williams, B.R.; Silverman, R.H.; Schreiber, R.D. How cells respond to 
interferons. Annu Rev Biochem 1998, 67, 227-264. 
52. Isaacs, A.; Lindenmann, J. Virus interference. I. The interferon. Proc. R. Soc. Lond. B Biol. Sci. 
1957, 147, 258-267. 
53. Joffre, O.; Nolte, M.A.; Sporri, R.; Reis e Sousa, C. Inflammatory signals in dendritic cell 
activation and the induction of adaptive immunity. Immunol. Rev. 2009, 227, 234-247. 
54. Biron, C.A. Role of early cytokines, including alpha and beta interferons (IFN-alpha/beta), in 
innate and adaptive immune responses to viral infections. Semin. Immunol. 1998, 10, 383-390. 
55. Lin, R.; Heylbroeck, C.; Pitha, P.M.; Hiscott, J. Virus-dependent phosphorylation of the IRF-3 
transcription factor regulates nuclear translocation, transactivation potential, and proteasome-
mediated degradation. Mol. Cell Biol. 1998, 18, 2986-2996. 
56. Hayden, M.S.; Ghosh, S. Signaling to NF-kappaB. Genes Dev. 2004, 18, 2195-2224. 
57. Panne, D.; Maniatis, T.; Harrison, S.C. An atomic model of the interferon-beta enhanceosome. 
Cell 2007, 129, 1111-1123. 
58. Peters, K.L.; Smith, H.L.; Stark, G.R.; Sen, G.C. IRF-3-dependent, NFkappa B- and JNK-
independent activation of the 561 and IFN-beta genes in response to double-stranded RNA. Proc. 
Natl. Acad. Sci. U S A 2002, 99, 6322-6327. 
59. Marie, I.; Durbin, J.E.; Levy, D.E. Differential viral induction of distinct interferon-alpha genes 
by positive feedback through interferon regulatory factor-7. Embo J. 1998, 17, 6660-6669. 
Viruses 2009, 1                            
 
 
846
60. Alexopoulou, L.; Holt, A.C.; Medzhitov, R.; Flavell, R.A. Recognition of double-stranded RNA 
and activation of NF-kappaB by Toll-like receptor 3. Nature 2001, 413, 732-738. 
61. Hoebe, K.; Du, X.; Georgel, P.; Janssen, E.; Tabeta, K.; Kim, S.O.; Goode, J.; Lin, P.; Mann, N.; 
Mudd, S.; Crozat, K.; Sovath, S.; Han, J.; Beutler, B. Identification of Lps2 as a key transducer of 
MyD88-independent TIR signalling. Nature 2003, 424, 743-748. 
62. Jiang, Z.; Mak, T.W.; Sen, G.; Li, X. Toll-like receptor 3-mediated activation of NF-kappaB and 
IRF3 diverges at Toll-IL-1 receptor domain-containing adapter inducing IFN-beta. Proc. Natl. 
Acad. Sci. U S A 2004, 101, 3533-3538. 
63. Ostertag, D.; Hoblitzell-Ostertag, T.M.; Perrault, J. Overproduction of double-stranded RNA in 
vesicular stomatitis virus-infected cells activates a constitutive cell-type-specific antiviral 
response. J. Virol. 2007, 81, 503-513. 
64. Edelmann, K.H.; Richardson-Burns, S.; Alexopoulou, L.; Tyler, K.L.; Flavell, R.A.; Oldstone, 
M.B. Does Toll-like receptor 3 play a biological role in virus infections? Virology 2004, 322, 231-
238. 
65. Prehaud, C.; Megret, F.; Lafage, M.; Lafon, M. Virus infection switches TLR-3-positive human 
neurons to become strong producers of beta interferon. J. Virol. 2005, 79, 12893-12904. 
66. Jackson, A.C.; Rossiter, J.P.; Lafon, M. Expression of Toll-like receptor 3 in the human cerebellar 
cortex in rabies, herpes simplex encephalitis, and other neurological diseases. J. Neurovirol. 2006, 
12, 229-234. 
67. Menager, P.; Roux, P.; Megret, F.; Bourgeois, J.P.; Le Sourd, A.M.; Danckaert, A.; Lafage, M.; 
Prehaud, C.; Lafon, M. Toll-like receptor 3 (TLR3) plays a major role in the formation of rabies 
virus Negri Bodies. PLoS Pathog. 2009, 5, e1000315. 
68. Lahaye, X.; Vidy, A.; Pomier, C.; Obiang, L.; Harper, F.; Gaudin, Y.; Blondel, D. Functional 
characterization of Negri bodies (NBs) in rabies virus-infected cells: Evidence that NBs are sites 
of viral transcription and replication. J. Virol. 2009, 83, 7948-7958. 
69. Cao, W.; Liu, Y.J. Innate immune functions of plasmacytoid dendritic cells. Curr. Opin. Immunol. 
2007, 19, 24-30. 
70. Hemmi, H.; Kaisho, T.; Takeuchi, O.; Sato, S.; Sanjo, H.; Hoshino, K.; Horiuchi, T.; Tomizawa, 
H.; Takeda, K.; Akira, S. Small anti-viral compounds activate immune cells via the TLR7 
MyD88-dependent signaling pathway. Nat. Immunol. 2002, 3, 196-200. 
71. Diebold, S.S.; Kaisho, T.; Hemmi, H.; Akira, S.; Reis e Sousa, C. Innate antiviral responses by 
means of TLR7-mediated recognition of single-stranded RNA. Science 2004, 303, 1529-1531. 
72. Honda, K.; Yanai, H.; Mizutani, T.; Negishi, H.; Shimada, N.; Suzuki, N.; Ohba, Y.; Takaoka, A.; 
Yeh, W.C.; Taniguchi, T. Role of a transductional-transcriptional processor complex involving 
MyD88 and IRF-7 in Toll-like receptor signaling. Proc. Natl. Acad. Sci. U S A 2004, 101, 15416-
15421. 
73. Kawai, T.; Sato, S.; Ishii, K.J.; Coban, C.; Hemmi, H.; Yamamoto, M.; Terai, K.; Matsuda, M.; 
Inoue, J.; Uematsu, S.; Takeuchi, O.; Akira, S. Interferon-alpha induction through Toll-like 
receptors involves a direct interaction of IRF7 with MyD88 and TRAF6. Nat. Immunol. 2004, 5, 
1061-1068. 
74. Uematsu, S.; Sato, S.; Yamamoto, M.; Hirotani, T.; Kato, H.; Takeshita, F.; Matsuda, M.; Coban, 
C.; Ishii, K.J.; Kawai, T.; Takeuchi, O.; Akira, S. Interleukin-1 receptor-associated kinase-1 plays 
Viruses 2009, 1                            
 
 
847
an essential role for Toll-like receptor (TLR)7- and TLR9-mediated interferon-{alpha} induction. 
J. Exp. Med. 2005, 201, 915-923. 
75. Lund, J.M.; Alexopoulou, L.; Sato, A.; Karow, M.; Adams, N.C.; Gale, N.W.; Iwasaki, A.; 
Flavell, R.A. Recognition of single-stranded RNA viruses by Toll-like receptor 7. Proc. Natl. 
Acad. Sci. U S A 2004, 101, 5598-5603. 
76. Ahmed, M.; Brzoza, K.L.; Hiltbold, E.M. Matrix protein mutant of vesicular stomatitis virus 
stimulates maturation of myeloid dendritic cells. J. Virol. 2006, 80, 2194-2205. 
77. Ahmed, M.; Mitchell, L.M.; Puckett, S.; Brzoza-Lewis, K.L.; Lyles, D.S.; Hiltbold, E.M. 
Vesicular stomatitis virus M protein mutant stimulates maturation of Toll-like receptor 7 (TLR7)-
positive dendritic cells through TLR-dependent and -independent mechanisms. J. Virol. 2009, 83, 
2962-2975. 
78. Lee, H.K.; Lund, J.M.; Ramanathan, B.; Mizushima, N.; Iwasaki, A. Autophagy-dependent viral 
recognition by plasmacytoid dendritic cells. Science 2007, 315, 1398-1401. 
79. Waibler, Z.; Detje, C.N.; Bell, J.C.; Kalinke, U. Matrix protein mediated shutdown of host cell 
metabolism limits vesicular stomatitis virus-induced interferon-alpha responses to plasmacytoid 
dendritic cells. Immunobiology 2007, 212, 887-894. 
80. Georgel, P.; Jiang, Z.; Kunz, S.; Janssen, E.; Mols, J.; Hoebe, K.; Bahram, S.; Oldstone, M.B.; 
Beutler, B. Vesicular stomatitis virus glycoprotein G activates a specific antiviral Toll-like 
receptor 4-dependent pathway. Virology 2007, 362, 304-313. 
81. Kawai, T.; Akira, S. Toll-like receptor and RIG-I-like receptor signaling. Ann. N Y Acad. Sci. 
2008, 1143, 1-20. 
82. Kawai, T.; Takahashi, K.; Sato, S.; Coban, C.; Kumar, H.; Kato, H.; Ishii, K.J.; Takeuchi, O.; 
Akira, S. IPS-1, an adaptor triggering RIG-I- and Mda5-mediated type I interferon induction. Nat. 
Immunol. 2005, 6, 981-988. 
83. Meylan, E.; Curran, J.; Hofmann, K.; Moradpour, D.; Binder, M.; Bartenschlager, R.; Tschopp, J. 
Cardif is an adaptor protein in the RIG-I antiviral pathway and is targeted by hepatitis C virus. 
Nature 2005, 437, 1167-1172. 
84. Seth, R.B.; Sun, L.; Ea, C.K.; Chen, Z.J. Identification and characterization of MAVS, a 
mitochondrial antiviral signaling protein that activates NF-kappaB and IRF 3. Cell 2005, 122, 
669-682. 
85. Xu, L.G.; Wang, Y.Y.; Han, K.J.; Li, L.Y.; Zhai, Z.; Shu, H.B. VISA is an adapter protein 
required for virus-triggered IFN-beta signaling. Mol. Cell 2005, 19, 727-740. 
86. Saha, S.K.; Pietras, E.M.; He, J.Q.; Kang, J.R.; Liu, S.Y.; Oganesyan, G.; Shahangian, A.; 
Zarnegar, B.; Shiba, T.L.; Wang, Y.; Cheng, G. Regulation of antiviral responses by a direct and 
specific interaction between TRAF3 and Cardif. EMBO J. 2006, 25, 3257-3263. 
87. Kato, H.; Takeuchi, O.; Sato, S.; Yoneyama, M.; Yamamoto, M.; Matsui, K.; Uematsu, S.; Jung, 
A.; Kawai, T.; Ishii, K.J.; Yamaguchi, O.; Otsu, K.; Tsujimura, T.; Koh, C.S.; Reis e Sousa, C.; 
Matsuura, Y.; Fujita, T.; Akira, S. Differential roles of MDA5 and RIG-I helicases in the 
recognition of RNA viruses. Nature 2006, 441, 101-105. 
88. Colonno, R.J.; Banerjee, A.K. A unique RNA species involved in initiation of vesicular stomatitis 
virus RNA transcription in vitro. Cell 1976, 8, 197-204. 
Viruses 2009, 1                            
 
 
848
89. Colonno, R.J.; Banerjee, A.K. Complete nucleotide sequence of the leader RNA synthesized in 
vitro by vesicular stomatitis virus. Cell 1978, 15, 93-101. 
90. Hornung, V.; Ellegast, J.; Kim, S.; Brzozka, K.; Jung, A.; Kato, H.; Poeck, H.; Akira, S.; 
Conzelmann, K.K.; Schlee, M.; Endres, S.; Hartmann, G. 5'-Triphosphate RNA is the ligand for 
RIG-I. Science 2006, 314, 994-997. 
91. Furr, S.R.; Chauhan, V.S.; Sterka, D., Jr.; Grdzelishvili, V.; Marriott, I. Characterization of 
retinoic acid-inducible gene-I expression in primary murine glia following exposure to vesicular 
stomatitis virus. J. Neurovirol. 2008, 1-11. 
92. Kato, H.; Sato, S.; Yoneyama, M.; Yamamoto, M.; Uematsu, S.; Matsui, K.; Tsujimura, T.; 
Takeda, K.; Fujita, T.; Takeuchi, O.; Akira, S. Cell type-specific involvement of RIG-I in antiviral 
response. Immunity 2005, 23, 19-28. 
93. Der, S.D.; Zhou, A.; Williams, B.R.; Silverman, R.H. Identification of genes differentially 
regulated by interferon alpha, beta, or gamma using oligonucleotide arrays. Proc. Natl. Acad. Sci. 
U S A 1998, 95, 15623-15628. 
94. Kochs, G.; Haller, O. Interferon-induced human MxA GTPase blocks nuclear import of Thogoto 
virus nucleocapsids. Proc. Natl. Acad. Sci. U S A 1999, 96, 2082-2086. 
95. Leroy, M.; Pire, G.; Baise, E.; Desmecht, D. Expression of the interferon-alpha/beta-inducible 
bovine Mx1 dynamin interferes with replication of rabies virus. Neurobiol. Dis. 2006, 21,  
515-521. 
96. Baise, E.; Pire, G.; Leroy, M.; Gerardin, J.; Goris, N.; De Clercq, K.; Kerkhofs, P.; Desmecht, D. 
Conditional expression of type I interferon-induced bovine Mx1 GTPase in a stable transgenic 
vero cell line interferes with replication of vesicular stomatitis virus. J Interferon Cytokine Res. 
2004, 24, 513-521. 
97. Meier, E.; Kunz, G.; Haller, O.; Arnheiter, H. Activity of rat Mx proteins against a rhabdovirus. J. 
Virol. 1990, 64, 6263-6269. 
98. Staeheli, P.; Pavlovic, J. Inhibition of vesicular stomatitis virus mRNA synthesis by human MxA 
protein. J. Virol. 1991, 65, 4498-4501. 
99. Garigliany, M.M.; Cloquette, K.; Leroy, M.; Decreux, A.; Goris, N.; De Clercq, K.; Desmecht, D. 
Modulating mouse innate immunity to RNA viruses by expressing the Bos taurus Mx system. 
Transgenic Res. 2009. 
100. Chelbi-Alix, M.K.; Pelicano, L.; Quignon, F.; Koken, M.H.; Venturini, L.; Stadler, M.; Pavlovic, 
J.; Degos, L.; de The, H. Induction of the PML protein by interferons in normal and APL cells. 
Leukemia 1995, 9, 2027-2033. 
101. Lavau, C.; Marchio, A.; Fagioli, M.; Jansen, J.; Falini, B.; Lebon, P.; Grosveld, F.; Pandolfi, P.P.; 
Pelicci, P.G.; Dejean, A. The acute promyelocytic leukaemia-associated PML gene is induced by 
interferon. Oncogene 1995, 11, 871-876. 
102. Wang, Z.G.; Ruggero, D.; Ronchetti, S.; Zhong, S.; Gaboli, M.; Rivi, R.; Pandolfi, P.P. PML is 
essential for multiple apoptotic pathways. Nat. Genet. 1998, 20, 266-272. 
103. Chelbi-Alix, M.K.; Quignon, F.; Pelicano, L.; Koken, M.H.; de The, H. Resistance to virus 
infection conferred by the interferon-induced promyelocytic leukemia protein. J. Virol. 1998, 72, 
1043-1051. 
Viruses 2009, 1                            
 
 
849
104. Blondel, D.; Regad, T.; Poisson, N.; Pavie, B.; Harper, F.; Pandolfi, P.P.; De The, H.; Chelbi-
Alix, M.K. Rabies virus P and small P products interact directly with PML and reorganize PML 
nuclear bodies. Oncogene 2002, 21, 7957-7970. 
105. Roberts, W.K.; Hovanessian, A.; Brown, R.E.; Clemens, M.J.; Kerr, I.M. Interferon-mediated 
protein kinase and low-molecular-weight inhibitor of protein synthesis. Nature 1976, 264, 477-
480. 
106. Balachandran, S.; Roberts, P.C.; Brown, L.E.; Truong, H.; Pattnaik, A.K.; Archer, D.R.; Barber, 
G.N. Essential role for the dsRNA-dependent protein kinase PKR in innate immunity to viral 
infection. Immunity 2000, 13, 129-141. 
107. Stojdl, D.F.; Abraham, N.; Knowles, S.; Marius, R.; Brasey, A.; Lichty, B.D.; Brown, E.G.; 
Sonenberg, N.; Bell, J.C. The murine double-stranded RNA-dependent protein kinase PKR is 
required for resistance to vesicular stomatitis virus. J. Virol. 2000, 74, 9580-9585. 
108. Durbin, R.K.; Mertz, S.E.; Koromilas, A.E.; Durbin, J.E. PKR protection against intranasal 
vesicular stomatitis virus infection is mouse strain dependent. Viral Immunol. 2002, 15, 41-51. 
109. Lu, G.; Reinert, J.T.; Pitha-Rowe, I.; Okumura, A.; Kellum, M.; Knobeloch, K.P.; Hassel, B.; 
Pitha, P.M. ISG15 enhances the innate antiviral response by inhibition of IRF-3 degradation. Cell 
Mol. Biol. (Noisy-le-grand) 2006, 52, 29-41. 
110. Giannakopoulos, N.V.; Luo, J.K.; Papov, V.; Zou, W.; Lenschow, D.J.; Jacobs, B.S.; Borden, 
E.C.; Li, J.; Virgin, H.W.; Zhang, D.E. Proteomic identification of proteins conjugated to ISG15 
in mouse and human cells. Biochem. Biophys. Res. Commun. 2005, 336, 496-506. 
111. Kim, K.I.; Yan, M.; Malakhova, O.; Luo, J.K.; Shen, M.F.; Zou, W.; de la Torre, J.C.; Zhang, 
D.E. Ube1L and protein ISGylation are not essential for alpha/beta interferon signaling. Mol. Cell 
Biol. 2006, 26, 472-479. 
112. Catic, A.; Fiebiger, E.; Korbel, G.A.; Blom, D.; Galardy, P.J.; Ploegh, H.L. Screen for ISG15-
crossreactive deubiquitinases. PLoS One 2007, 2, e679. 
113. Malakhov, M.P.; Malakhova, O.A.; Kim, K.I.; Ritchie, K.J.; Zhang, D.E. UBP43 (USP18) 
specifically removes ISG15 from conjugated proteins. J. Biol. Chem. 2002, 277, 9976-9981. 
114. Ritchie, K.J.; Hahn, C.S.; Kim, K.I.; Yan, M.; Rosario, D.; Li, L.; de la Torre, J.C.; Zhang, D.E. 
Role of ISG15 protease UBP43 (USP18) in innate immunity to viral infection. Nat. Med. 2004, 
10, 1374-1378. 
115. Brzozka, K.; Finke, S.; Conzelmann, K.K. Identification of the rabies virus alpha/beta interferon 
antagonist: phosphoprotein P interferes with phosphorylation of interferon regulatory factor 3. J. 
Virol. 2005, 79, 7673-7681. 
116. Vidy, A.; Chelbi-Alix, M.; Blondel, D. Rabies virus P protein interacts with STAT1 and inhibits 
interferon signal transduction pathways. J. Virol. 2005, 79, 14411-14420. 
117. Moseley, G.W.; Lahaye, X.; Roth, D.M.; Oksayan, S.; Filmer, R.P.; Rowe, C.L.; Blondel, D.; 
Jans, D.A. Dual modes of rabies P-protein association with microtubules: a novel strategy to 
suppress the antiviral response. J. Cell Sci. 2009, 122, 3652-3662. 
118. Brzozka, K.; Finke, S.; Conzelmann, K.K. Inhibition of interferon signaling by rabies virus 
phosphoprotein P: activation-dependent binding of STAT1 and STAT2. J. Virol. 2006, 80, 2675-
2683. 
Viruses 2009, 1                            
 
 
850
119. Pasdeloup, D.; Poisson, N.; Raux, H.; Gaudin, Y.; Ruigrok, R.W.; Blondel, D. Nucleocytoplasmic 
shuttling of the rabies virus P protein requires a nuclear localization signal and a CRM1-
dependent nuclear export signal. Virology 2005, 334, 284-293. 
120. Vidy, A.; El Bougrini, J.; Chelbi-Alix, M.K.; Blondel, D. The nucleocytoplasmic rabies virus P 
protein counteracts interferon signaling by inhibiting both nuclear accumulation and DNA binding 
of STAT1. J. Virol. 2007, 81, 4255-4263. 
121. Bernardi, R.; Pandolfi, P.P. Structure, dynamics and functions of promyelocytic leukaemia 
nuclear bodies. Nat. Rev. Mol. Cell Biol. 2007, 8, 1006-1016. 
122. Chelbi-Alix, M.K.; Vidy, A.; El Bougrini, J.; Blondel, D. Rabies viral mechanisms to escape the 
IFN system: the viral protein P interferes with IRF-3, Stat1, and PML nuclear bodies. J. Interferon 
Cytokine Res. 2006, 26, 271-280. 
123. Ahmed, M.; McKenzie, M.O.; Puckett, S.; Hojnacki, M.; Poliquin, L.; Lyles, D.S. Ability of the 
matrix protein of vesicular stomatitis virus to suppress beta interferon gene expression is 
genetically correlated with the inhibition of host RNA and protein synthesis. J. Virol. 2003, 77, 
4646-4657. 
124. Black, B.L.; Rhodes, R.B.; McKenzie, M.; Lyles, D.S. The role of vesicular stomatitis virus 
matrix protein in inhibition of host-directed gene expression is genetically separable from its 
function in virus assembly. J. Virol. 1993, 67, 4814-4821. 
125. Ferran, M.C.; Lucas-Lenard, J.M. The vesicular stomatitis virus matrix protein inhibits 
transcription from the human beta interferon promoter. J. Virol. 1997, 71, 371-377. 
126. Francoeur, A.M.; Poliquin, L.; Stanners, C.P. The isolation of interferon-inducing mutants of 
vesicular stomatitis virus with altered viral P function for the inhibition of total protein synthesis. 
Virology 1987, 160, 236-245. 
127. Jayakar, H.R.; Whitt, M.A. Identification of two additional translation products from the matrix 
(M) gene that contribute to vesicular stomatitis virus cytopathology. J. Virol. 2002, 76, 8011-
8018. 
128. Ahmed, M.; Lyles, D.S. Effect of vesicular stomatitis virus matrix protein on transcription 
directed by host RNA polymerases I, II, and III. J. Virol. 1998, 72, 8413-8419. 
129. Black, B.L.; Lyles, D.S. Vesicular stomatitis virus matrix protein inhibits host cell-directed 
transcription of target genes in vivo. J. Virol. 1992, 66, 4058-4064. 
130. Her, L.S.; Lund, E.; Dahlberg, J.E. Inhibition of Ran guanosine triphosphatase-dependent nuclear 
transport by the matrix protein of vesicular stomatitis virus. Science. 1997, 276, 1845-1848. 
131. von Kobbe, C.; van Deursen, J.M.; Rodrigues, J.P.; Sitterlin, D.; Bachi, A.; Wu, X.; Wilm, M.; 
Carmo-Fonseca, M.; Izaurralde, E. Vesicular stomatitis virus matrix protein inhibits host cell gene 
expression by targeting the nucleoporin Nup98. Mol Cell 2000, 6, 1243-1252. 
132. Blondel, D.; Harmison, G.G.; Schubert, M. Role of matrix protein in cytopathogenesis of 
vesicular stomatitis virus. J. Virol. 1990, 64, 1716-1725. 
133. Kopecky, S.A.; Willingham, M.C.; Lyles, D.S. Matrix protein and another viral component 
contribute to induction of apoptosis in cells infected with vesicular stomatitis virus. J. Virol. 2001, 
75, 12169–12181. 
Viruses 2009, 1                            
 
 
851
134. Faria, P.A.; Chakraborty, P.; Levay, A.; Barber, G.N.; Ezelle, H.J.; Enninga, J.; Arana, C.; van 
Deursen, J.; Fontoura, B.M. VSV disrupts the Rae1/mrnp41 mRNA nuclear export pathway. Mol. 
Cell 2005, 17, 93-102. 
135. Blevins, M.B.; Smith, A.M.; Phillips, E.M.; Powers, M.A. Complex formation among the RNA 
export proteins Nup98, Rae1/Gle2, and TAP. J. Biol. Chem. 2003, 278, 20979-20988. 
136. Pritchard, C.E.; Fornerod, M.; Kasper, L.H.; van Deursen, J.M. RAE1 is a shuttling mRNA export 
factor that binds to a GLEBS-like NUP98 motif at the nuclear pore complex through multiple 
domains. J. Cell Biol. 1999, 145, 237-254. 
137. Blower, M.D.; Nachury, M.; Heald, R.; Weis, K. A Rae1-containing ribonucleoprotein complex is 
required for mitotic spindle assembly. Cell 2005, 121, 223-234. 
138. Wong, R.W.; Blobel, G.; Coutavas, E. Rae1 interaction with NuMA is required for bipolar spindle 
formation. Proc. Natl. Acad. Sci. U S A. 2006, 103, 19783-19787. Epub 12006 Dec 19715. 
139. Babu, J.R.; Jeganathan, K.B.; Baker, D.J.; Wu, X.; Kang-Decker, N.; van Deursen, J.M. Rae1 is 
an essential mitotic checkpoint regulator that cooperates with Bub3 to prevent chromosome 
missegregation. J Cell Biol. 2003, 160, 341-353. Epub 2003 Jan 2027. 
140. McKenna, P.M.; Koser, M.L.; Carlson, K.R.; Montefiori, D.C.; Letvin, N.L.; Papaneri, A.B.; 
Pomerantz, R.J.; Dietzschold, B.; Silvera, P.; McGettigan, J.P.; Schnell, M.J. Highly attenuated 
rabies virus-based vaccine vectors expressing simian-human immunodeficiency virus89.6P Env 
and simian immunodeficiency virusmac239 Gag are safe in rhesus macaques and protect from an 
AIDS-like disease. J. Infect. Dis. 2007, 195, 980-988. 
141. Schell, J.; Rose, N.F.; Fazo, N.; Marx, P.A.; Hunter, M.; Ramsburg, E.; Montefiori, D.; Earl, P.; 
Moss, B.; Rose, J.K. Long-term vaccine protection from AIDS and clearance of viral DNA 
following SHIV89.6P challenge. Vaccine 2009, 27, 979-986. 
142. Lengyel, P. Tumor-suppressor genes: news about the interferon connection. Proc. Natl. Acad. Sci. 
U S A 1993, 90, 5893-5895. 
143. Balachandran, S.; Barber, G.N. Vesicular stomatitis virus (VSV) therapy of tumors. IUBMB Life 
2000, 50, 135-138. 
144. Stojdl, D.F.; Lichty, B.; Knowles, S.; Marius, R.; Atkins, H.; Sonenberg, N.; Bell, J.C. Exploiting 
tumor-specific defects in the interferon pathway with a previously unknown oncolytic virus. Nat. 
Med. 2000, 6, 821-825. 
 
© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 
This article is an open-access article distributed under the terms and conditions of the Creative 
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 
 
